Abstract. The Co 1-x Fe x alloys where x ranges from 0.01 to 0.06 were measured at room temperature using transmission Mössbauer spectroscopy (TMS). The analysis of the obtained data allowed the determination of the short-range order (SRO), the binding energy E b between two iron atoms in the studied materials using the extended Hrynkiewicz-Królas idea and the enthalpy of solution H Co-Fe of Fe in Co. The results showed that the Fe atoms dissolved in a Co matrix interact repulsively and the estimated value of H Co-Fe = -0.166(33) eV/atom. Finally, values of the enthalpy of solution were used to predict the enthalpy of mixing for the Co-Fe system. These fi ndings were compared with corresponding data given in the literature, which were derived from calorimetric experiments and from the cellular atomic model of alloys described by Miedema. 
Introduction
The cobalt-iron alloys are promising for the development of new engineering materials. The systems are attracting much attention because of their unique combination of several important properties such as high saturation magnetization, high Curie temperature, low magnetocrystalline anisotropy and good strength. Moreover, the materials are characterized by a low susceptibility to surface fi ssures in the rolling process which is of special interest for metallurgy. It is worth noticing that signifi cant amounts of research and developments over the years have been really fruitful and resulted, for example, in signifi cant improvements in terms of mechanical properties and a more comprehensive understanding of phase transformations in Co-Fe alloys. As a result of all of the above Co-Fe alloys are attractive materials for many applications, even at elevated temperatures. In particular, these alloys are used in the production of turbine engine components, transformers, magnetic bearings and recording heads [1] [2] [3] [4] [5] . At the same time, this system is regarded as a model for experimental and theoretical studies of thermodynamic properties [6] [7] [8] .
By taking into account the unique characteristics of the Co-Fe system mentioned above, 57 Fe Möss-bauer spectroscopy was applied to the study of the Co 1-x Fe x series of solid solutions with low concentrations of iron in order to improve the knowledge about properties of this system, especially thermodynamic ones. Mössbauer spectroscopy delivers information on many characteristics of solids, in particular on the types of impurity interactions, the enthalpies of solution of elements in the ferromagnetic matrix as well as the short-range order (SRO) [9] [10] [11] [12] [13] [14] [15] . In some cases the information concerning the enthalpy of solution obtained this way is unique, i.e. impossible to obtain with, for example, commonly used calorimetric methods [16, 17] . Calorimetric methods performed at relatively high temperatures, usually above Curie temperatures, do not facilitate the observation of the infl uence of magnetic interactions on thermodynamic properties of the alloys studied, i.e. the Co-Fe series. Moreover, the Mössbauer enthalpy-of-solution data can be used to predict the enthalpy of mixing of the system under consideration as a result of the appropriate relationship given by Sluiter and Kawazoe [18] . To the best of our knowledge, Mössbauer spectroscopy has yet to be used for such predictions in the case of the Co-Fe system.
The aim of this work was to apply 57 Fe Mössbauer spectroscopy for the determination of hyperfi ne interactions and thermodynamic parameters of dilute Co-Fe solid solutions and then thermally annealed ones.
Experimental and results

Preparation of samples
The Co 1-x Fe x alloy samples where x ranges from 0.01 to 0.06 were prepared by arc melting. Appropriate amounts of the high-purity components (99.99% pure cobalt and 99.8% pure 57 Fe isotope) were melted in an argon atmosphere and quickly cooled to room temperature. The weight losses during the melting process were below 1% so the compositions of the obtained alloys were close to nominal ones. In the next step, the obtained ingots were cold-rolled to a fi nal thickness of about 0.04 mm and then the resulting foils were annealed in a vacuum at 1270 K for 2 h. After the annealing process the samples were slowly cooled to room temperature over 6 h. As a result, the alloys were homogeneous and free from structural defects such as vacancies or dislocations. Finally, it is worth noting that under these conditions, atomic diffusion effectively ceases at a certain temperature T d , so the distribution of atoms observed in the annealed specimens should be frozen-in state at this temperature.
Measurements
The TMS measurements were performed at room temperature using a constant-acceleration POLON spectrometer of standard design and a 50 mCi 57 Co-in-Rh standard source with a full width at half maximum (FWHM) of 0.22 mm/s. The Fe Mössbauer spectra for the Co 1-x Fe x series of alloys measured at room temperature after the annealing process at 1270 K and slowly being cooled to room temperature. Thermodynamic properties of dilute Co-Fe solid solutions studied by 57 Fe Mössbauer spectroscopy
Data analysis
The measured TMS spectra were fi tted with a sum of different six-line components. These lines correspond to the various hyperfi ne fi elds B at 57 Fe nuclei generated by different numbers of Co and Fe atoms located in the fi rst coordination shell of the nuclear probe. The number of fi tted six-line spectral components depended on the concentration of Fe in the samples -three for all melting alloys before annealing but in the case of annealed samples it was one for Co 0.99 Fe 0.01 , two for Co 0.98 Fe 0.02 and three for the others. The obtained fi ts are presented in Figs. 1 and 2. The fi tting procedure for spectra with three components was conducted under the assumption (compare [9] [10] [11] [12] [13] 19] ) that the infl uence of impurity atoms on the isomer shift IS as well as on the corresponding hyperfi ne fi eld B of a subspectrum is additive and independent of the positions of atoms in the fi rst coordination shell of the Möss-bauer probe. Accordingly, it was assumed that for each subspectrum of the three-component spectra the quantities IS and B were linear functions of the number n of Fe atoms located in the fi rst coordination shell of the 57 Fe nuclear probe. The functions could be expressed as follows:
where IS and B stand for the changes in IS and B with one Fe atom in the fi rst coordination shell of the nuclear probe. Finally, the quadrupole shift QS of a subspectrum was treated as a free parameter [20] .
Generally, the assumptions presented above are suffi cient to obtain sensible results. Unfortunately, as far as the investigated alloys are concerned, the presence of an Fe atom in the nearest coordination shell of 57 Fe generates small changes in IS and B, too small to perform a suffi cient analysis of the Mössbauer spectra in terms of several components without additional assumptions. For successful analysis of these spectra it is necessary to use a second series of data. The fi rst one for the samples just after the melting process, in which the atoms were in a frozen-in high temperature state and the second one for the samples after annealing at 1270 K for 2 h. The samples following the melting process can be treated as disorder alloys. In this case the probability of the existence of n iron atoms among all N atoms located in the fi rst coordination shell of the 57 Fe could be described by the binomial distribution
. It is accepted that N = 12 for both high-temperature fcc and low-temperature hcp structures of the studied Co-Fe alloys [21] . The values of the parameters of the best-fi t model which were obtained for the spectra are presented in Table 1 . These values are in good agreement with corresponding data given in the literature [22, 23] . These values were used during the spectral analysis of the annealed samples.
As the main result of the analysis the values of relative contributions c 0 , c 1 and c 2 of spectral components for the annealed samples were determined. Assuming that the Lamb-Mössbauer factor is independent of the (1) confi guration of atoms in the surroundings of the 57 Fe nucleus, the parameters c 0 , c 1 and c 2 are intensities of the components of a spectrum which are related to the existence of 0, 1 and 2 iron atoms in the fi rst coordination shell of nuclear probes of 57 Fe, respectively. The results are presented in Table 2 .
The freezing temperature T d for atoms in the dilute Co-Fe alloys
The freezing temperature T d could be defi ned as a temperature below which atomic diffusion in the material practically does not exist. The temperature T d for the dilute binary iron alloys could be determined from the temperature studies performed for instance by 57 Fe Mössbauer spectroscopy. In this work, to estimate the value of T d for Co-Fe alloys of low iron content, the duplicate Mössbauer spectra were measured for the alloy Co 0.94 Fe 0.06 which was quenched from different temperatures (350-700 K). These spectra, which are presented in Fig. 3 , were analysed as above in terms of the c 1 and c 2 parameters, which characterize the atomic surroundings of the nuclear probes. The results are listed in Fig. 4 . As can be seen, the value of each parameter practically does not change as the temperature increases up to about 500 K. This indicates a lack of atomic diffusion in the alloy. Whereas at higher temperatures there is signifi cant temperature dependence of the parameters mentioned. It follows that at these temperatures the diffusion of atoms in the alloy is possible. The temperature dependences of the c 1 and c 2 parameters were used for the estimation of the freezing temperature T d in the Co 0.94 Fe 0.06 alloy assuming that both dependences c 1 (T) and c 2 (T) can be approximated by two straight lines, which intersect when T = T d . The parameters of the lines were found by fi tting them separately to the c 1 and c 2 values at temperatures T within two ranges 300 K  T  500 K and 500 K  T  700 K. The T d determined in this way was equal to 500(11) K. Moreover, one can see in Fig. 4 that the obtained values of c 1 and c 2 at temperatures T  650 K show further changes as temperature increases. This behaviour can be caused by the change in crystalline structure of the Co-Fe alloy from hcp to fcc, which occurs at about 700 K [24] .
The binding energy E b of two Fe atoms in the Co matrix
The calculation of the binding energy E b for pairs of Fe atoms were based on the modifi ed Hrynkiewicz--Królas formula [25] , where E b is presented as follows:
This formula uses the values of the relative contributions c 0 and c 1 of spectral components of annealed samples. In the above equation k is the Boltzmann constant, whereas T d is the "freezing" temperature for the atomic distribution in an annealed sample of Co 1-x Fe x and in this case it amounted to T d = 500(11) K whereas p 0 and p 1 are probabilities of the existence of 0 and 1 iron atoms among all N atoms located in the fi rst coordination shell of the 57 Fe nuclear probe, given by the binomial distribution for the hcp lattice where N = 12. Computed E b values are presented in Table 2 .
The extrapolated value of the binding energy E b (x = 0) was calculated using the E b values derived from data obtained for samples with the smallest iron content. Such a choice of E b values was determined by the fact that the Hrynkiewicz-Królas model of E b was proposed for alloys with a very low concentration of impurity atoms. The E b (0) was calculated to be 0.0276(55) eV. The positive values of the binding energies for all annealed samples indicate that iron atoms dissolved in the Co matrix interact repulsively. The enthalpy of solution of iron in cobalt
An extrapolated value of E b (0) was used to obtain an enthalpy of solution H Co-Fe of Fe in Co. By using the Hrynkiewicz-Królas model for the binding energy the calculations were conducted in the following way [26] :
where z is the coordination number of the crystalline lattice (z = 12 for the hcp lattice of cobalt). The value of H Co-Fe is listed in Table 3 with corresponding enthalpies of solution obtained by calorimetric experiments [16] ,
and calculated using Miedema's model of binary alloys [27] .
A short-range order parameter
In the dilute Co 1-x Fe x systems the distribution of impurity atoms of iron is in most cases different from the binomial distribution. The short-range order parameter (SRO)  quantitatively describes deviation mentioned above as follows [28] : (5) where <n> is the average number of iron atoms in a given surroundings of an Fe atom. The parameter  can be easily determined for the studied alloys from the Mössbauer spectra using the parameter c n because it is related to the number <n>. When the number concerns the fi rst coordination shell of the nuclear probe, the proper relationship is as follows: (6) The values of SRO parameters  for Co 1-x Fe x alloys are presented in Table 4 and Fig. 5 . Negative values of  for all studied samples indicate that among the nearest neighbours of the 57 Fe nuclear probe, there are far less iron atoms than expected for a random case. This means that, the interaction between two iron atoms is repulsive, i.e. the Co-Fe bonds are predominant. This fact confi rms our fi ndings presented in the section concerning the binding energy of two iron atoms in the cobalt matrix.
The enthalpy of mixing curve for the Co-Fe solid solutions
The obtained H Co-Fe value could be used to determine the enthalpy of mixing H mix for the Co-Fe alloys as follows [18] :
where H Fe-Co is the enthalpy of solution of cobalt in iron. On the basis of Eq. (7) the H mix (x) dependence was calculated using the H Fe-Co value obtained previously [29] . The findings are presented in Fig. 6 together with the results of calculations using CALPHAD [6] ; the corresponding values obtained [7] ; and the values resulting from Miedema's model [27] .
Conclusions
The determined values of binding energies in the annealed Co 1-x Fe x alloys where x ranges from 0.01 to 0.06 are positive. These results indicate that the two iron atoms dissolved in the Co matrix interact repulsively. Moreover, the negative values of short--range order parameters  suggest the existence of ordering tendencies in the studied Co-Fe alloys, i.e. the predominance of Co-Fe bonds. This fact confi rms our fi ndings concerning the positive binding energies which were obtained using the Hrynkiewicz-Królas method.
An enthalpy of solution H Co-Fe of iron in cobalt obtained by 57 Fe Mössbauer spectroscopy is negative and equal to -0.166(33) eV/atom. This result is consistent with the corresponding value -0.120 eV/atom calculated from the heat of formation H for of the Co-Fe systems derived from the calorimetric method. However, it is only in qualitative agreement with the value -0.024 eV/atom resulting from Miedema's model of alloys. This discrepancy could be explained by the fact that Miedema's model is based on measurements performed at high temperatures at which Co-Fe alloys are in a paramagnetic state.
The enthalpy of mixing of the Co-Fe system was determined for the fi rst time using the Mössbauer spectroscopy technique. To estimate this important thermodynamic parameter, the relationship determined by Sluiter and Kawazoe [18] was used together with the enthalpy of solution of Fe in Co obtained in this work and previously estimated enthalpy of solutions of Co in Fe.
